The mechanism and the final outcome of the Knoevenagel-Doebner reaction are discussed. The condensation reaction between different hydroxy-substituted aromatic aldehydes and malonic acid is performed using piperidine as organocatalyst. The key role of the catalyst is clearly pointed out during the decarboxylation of ferulic acid, without the use of a strong decarboxylating agent, leading to a 4-vinylphenol derivative. Based on the results obtained, the studied pathway may be important in the understanding of vinylphenol production during malting and brewing of wheat and barley grains. Finally, changing the solvent of the reaction from pyridine to water in the Knoevenagel-Doebner reaction of 4-hydroxybenzaldehydes, dimerization of resulting styrene derivatives is observed. These results can be of interest also in the field of food chemistry, since cinnamic acids are frequently found in fruits and vegetables used for human consumption.
Introduction
,β-Unsaturated carboxylic acids are versatile compounds which allow the access to a variety of synthetic intermediates as well as natural products, such as lignin related structures (Figure 1 ) [1] .
Lignin is a component of the cell wall in vascular plants. Its structure involves a variety of different covalent bonds result of the oxidative coupling of aromatic alcohols derived from hydroxycinnamic acids [2] . There is an increasing interest in its structural study due to its potential utilization as renewable raw material in the chemical industry.
Within a research program devoted to the use of ,β-unsaturated carboxylic acids to prepare lignans as well as high added value building blocks, the synthesis of cinnamic acid derivatives through a Knoevenagel-Doebner reaction was performed [3, 4] . The Knoevenagel condensation of aldehydes and malonic acid is generally promoted by bases, such as pyridine and piperidine, yielding the corresponding ,β-unsaturated carboxylic acid, under organocatalytic conditions [5] . Organocatalysis has become a field of great importance within organic synthesis, allowing the development of widely applicable reactions while avoiding the use of metal catalysts [6] [7] [8] [9] .
In this context, we condensed different aromatic aldehydes with malonic acid, using piperidine as organocatalyst and pyridine as solvent [10, 11] . In most cases, the reaction lead to the corresponding ,β-unsaturated carboxylic acid in very good yields (results not shown). However, when vanillin (4-hydroxy-3-methoxybenzaldehyde) was employed as electrophile, the formation of 2-methoxy-4-vinylphenol 1a, instead of ferulic acid ((E)-3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid) 2a, was observed (Figure 2 ).
This useful transformation was reported in 2005 and since then, some aspects of the outcome of the reaction were described [12, 13] .
4-Vinylphenols are natural products widely distributed in plants [14] [15] [16] [17] . Moreover, such intermediates are also employed as building blocks for the preparation of polymers and bioactive compounds [18, 19] . Consequently, the design of synthetic strategies to prepare this type of compounds and gaining knowledge regarding their occurrence in nature, are of increasing importance.
Recently, a detailed computational study of the mechanism of the Knoevenagel-Doebner reaction was reported [20] , answering questions regarding the mechanism of the reaction and opening the door to new ones. Hydroxycinnamic acids are ubiquitous in plants, and it has been proposed that enzymatic decarboxylation may be responsible for vinylphenol production [21] . Besides the biocatalytic transformation, is it possible to perform the same reaction employing an organocatalyst? As an answer to this question, herein we describe a decarboxylation reaction of hydroxycinnamic acids under mild conditions. In addition, we report new experimental evidence for the previously proposed mechanism as well as the final outcome of the organocatalytic Knoevenagel-Doebner condensation.
Experimental

General
Chemical reagents were purchased from commercial sources and were used without further purification. Solvents were purified and dried by standard procedures. Reactions were monitored using thin layer chromatography (TLC) on silica gel (Kieselgel HF254) and visualized with UV light (254 nm) and p-anisaldehyde in acidic ethanolic solution. Flash column chromatography was performed using silica gel 60 (230 -240 mesh). NMR ( 1 pounds were found to correspond with literature data.
General Procedure for the Knoevenagel Condensation in Pyridine
Malonic acid (1 g, 9.6 mmol) was dissolved in pyridine (10 mL, 124 mmol). Then, the substituted benzaldehyde (6.4 mmol) and piperidine (0.24 mL, 2.4 mmol) were added. The mixture was refluxed for 2 h. After cooling, the solution was poured into ice water and concentrated HCl was added until pH 3. The aqueous solution was extracted with ethyl acetate (3 × 20 mL), dried over Na 2 SO 4 and the solvent removed in vacuo. Purification by column chromatography over silica gel (7:3 hexane/ethyl acetate) yielded the corresponding 4-vinylphenol (for aldehydes 3a -3c) or coumarin (for aldehydes 3d and 3e).
General Procedure for the Reaction in Water
Malonic acid (1 g, 9.6 mmol) was dissolved in water (10 mL). Pyridine (0.56 mL, 7.0 mmol), the substituted benzaldehyde (6.4 mmol) and piperidine (0.24 mL, 2.4 mmol) were added. The mixture was refluxed for 2 h. After cooling, the solution was poured into ice water and concentrated HCl was added until pH 3. The aqueous solution was extracted with ethyl acetate (3 × 20 mL), dried over Na 2 SO 4 and the solvent removed in vacuo. Purification by column chromatography over silica gel (7:3 hexane/ethyl acetate) yielded the ,β-unsaturated carboxylic acid, 4-vinylphenol and styrene dimer.
Products
Spectroscopic data of all compounds were found to match those in previous reports: 1a [12, 13] , 1b [21] , 1c [13] , 2a [12] , 8d [22] , 8e [23] , 9a [24] . 2H-Chromen-2-one (8d 
Results and Discussion
Knoevenagel Condensation: Mechanistics Insights
A detailed proposed mechanism that agrees with experimental information is shown in Figure 3 . This mechanism, based on previously suggested ones [12, 13] , includes new information, such as the role of the organocatalyst in the entire process. In particular, the contributing effect of the catalyst to the key decarboxylation step. Even though the Knoevenagel reaction has been em- ployed to obtain cinnamic acid and derivatives, both the reaction and work-up conditions previously reported are different than those described in this work. Simpson and coworkers stated that the styrene formation took place only when a proper substrate (2-or 4-hydroxybenzaldehyde) was used jointly with toluene for removing the pyridine by distillation in vacuo [12] . In this work, we found that quenching the reaction with acid works as well. Therefore, contrary to previously described mechanism, we demonstrate that styrene formation does not depend on the work-up conditions, and took place before the work-up. We analyzed the outcome of the Knoevenagel-Doebner condensation of 2-hydroxy-and 4-hydroxy substituted benzaldehydes (Figure 4 and Table 1), employing a lower load of catalyst (ten times) than previously described one and quenching the reaction with HCl.
The load of catalyst was evaluated, and we found that 1:0.4 corresponds to the optimum vanillin:piperidine ratio (results not shown).
From these results it is evident that only 4-hydroxysubstituted aldehydes lead to the corresponding vinylphenol. Presumably, a quinone methide intermediate can be obtained for both 2-hydroxy and 4-hydroxy substituted benzaldehydes ( Figure 5) . In spite of that, the stability and reactivity of ortho-and para-quinone methides are not exactly the same.
Quinone methides are common reactive intermediates extensively employed by nature, particularly in the mechanism of action displayed by a variety of bioactive compounds [25, 26] . The stability of such intermediates is essential to evaluate the outcome of the reaction. Ortho-quinone methides are less stable (ca. 2 times) than the corresponding para-isomers [27] , and thus the formation of the latter can be favored. Taking this into account, subsequent decarboxylation reaction is also favored, and the 4-vinylphenol is then afforded. When the reactant aldehyde is 2-hydroxy substituted, a lower energy pathway than the formation of the quinone methide intermediate is available, and a different outcome for the reaction is observed. 2-Hydroxybenzaldehyde (entry 4, Table 1 ) and 2-hydroxy-3-methoxybenzaldehyde (entry 5, Table 1 ) afforded a coumarin derivative. Coumarin (1,2-benzopyrone) is a secondary plant metabolite with a pleasant flavor, which use as food flavoring substance was prohibited due to the discovery of its hepatotoxic properties in laboratory animals. Is has been described that coumarin is present in cinnamon, and therefore is of interest to identify factors influencing coumarin levels in this important spice [28] . Cinnamon contains also other volatile constituents such as cinnamic acids and cinnamaldehyde among others. The reaction reported herein may be of importance for understanding observed changes in coumarin levels during storage. The fact that only 4-hydroxybenzaldehydes undergo a second decarboxylation yielding the corresponding 4-vinylphenol reinforces the idea that a quinone methide is a key intermediate in this reaction. As shown in Figure 3 , when using piperidine as organocatyst, the Knoevenagel reaction is initiated by formation of iminium ion 4. This has been proposed as an activation mode for reactions organocatalyzed by secondary amines (such as piperidine, pyrrolidine or proline) [29] . According to route 1 in Figure 3 , the β-amino acid 6 can undergo a β-elimination reaction leading to ferulic acid. Also, as shown in Route 2, 1,6-elimination of piperidine leads to the quinone methide 7. In the presence of a base, the quinone methide is afforded upon deprotonation of the phenol group. The formation of this key intermediate is the driving force for the second decarboxylation leading to the product 1a after a final protonation during the work-up. When the phenolic group is absent or protected, the quinone methide cannot be obtained and thus no further decarboxylation takes place, and the α,β-unsaturated carboxylic acid is obtained through Route 1.
Organocatalyzed Decarboxylation of Ferulic Acid
As shown in Table 1 , the corresponding 4-hydroxysubstituted cinnamic acid is not obtained. One possible explanation is that Route 2 corresponds to the favored pathway under employed conditions, and therefore 2 is simply not obtained. On the other side, if the 4-hydroxysubstituted cinnamic acid 2 is produced through a reversible reaction (Route 1), the second decarboxylation reaction can take place even if the acid is afforded. It has been argued that the formation of the trans-cinnamic acid is effectively non-reversible [12] . However, highlevel theoretical calculations showed that under employed conditions, Route 1 is essentially reversible [20] .
To this end, we envisioned an experiment that can demonstrate the role of a secondary amine in the decarboxylation leading to 4-vinylphenol. When using the Knoevenagel conditions mentioned before, with ferulic acid as reactant, 2-methoxy-4-vinylphenol 1a was obtained as a single product. Moreover, if this reaction is performed under the same conditions but without piperidine, unchanged ferulic acid is recovered. Herein we report the decarboxylation of ferulic acid 2a to vinylphenol 1a under mild conditions, involving a 1,4-addition of piperidine yielding intermediate 6. Most of available protocols for decarboxylation of cinnamic acid derivatives involve the use of strong conditions, such as toxic quinoline-metal salts [30] .
Intermediate 6 suffer a 1,6-elimination of piperidine affording the key quinone methide 8, which undergoes a decarboxylation reaction leading to the styrene derivative 1a (Figure 6 ).
This result agrees with the mechanistic role proposed for piperidine, suggesting that intermediate 6 facilitates the final decarboxylation reaction leading to the 4-vinylphenol 1a.
We also propose that this reaction is relevant in food chemistry. Phenolic styrenes have strong flavours and because of that, their presence sometimes is a limitation for the use of the product in foods or beverages. Barley and wheat malts are the most important raw materials for beer production. In those grains, ferulic acid is present and it is known that during brewing, 2-methoxy-4-vinylphenol 1a is produced [31] [32] [33] .
Until now, thermal or enzymatic decarboxylation of ferulic acid, were proposed as the responsible mechanisms for the production of 4-vinylphenol derivatives. We suggest that 4-vinylphenol is produced also through the pathway showed in Figure 6 , using a readily available secondary amine, such as proline, which is present in wheat and barley [34] .
Thus, under malting and brewing condition, proline (organocatalyst) adds to ferulic acid affording the corresponding β-amino acid. Further amine and CO 2 elimination leads to 2-methoxy-4-vinylphenol production. In fact, when attempting the decarboxylation of ferulic acid employing proline as organocatalyst, the reaction was complete, leading to 2-methoxy-4-vinylphenol as a single product.
Such processes in natural environments are actually performed in aqueous media. Therefore, the choice of solvent may be critical. The Knoevenagel-Doebner reaction of aromatic aldehydes has been performed employing different solvents or even under solvent-free conditions [3, 12] .
Vinylphenol Dimerization in Water
Both the elimination step to get ferulic acid and the decarboxylation leading to 4-vinylphenol, are expected to be affected by solvent properties, such as polarity. Thus, we performed the reaction in water. One can expect that increasing the dielectic constant will raise both the global conversion and the 2-methoxy-4-vinylphenol/ferulic acid ratio. Contrary to these assumptions, when performing the reaction in water (dielectric constant of water = 80.1, dielectric constant of pyridine = 13.26) [35] a totally different result was obtained.
Ferulic acid and 2-methoxy-4-vinylphenol were obtained, but in different amounts than those obtained in pyridine (18% and 8% of yield, respectively). In addition, during the reaction we observed the formation of a new compound 9a (67% of yield), with a 1 H NMR showing a clear ABX system and a trans double bond (Figure 7) . Spectroscopic data is in agreement with the proposed structure.
The structure of 9a immediately suggests that this product can be obtained through a dimerization of 2-methoxy-4-vinylphenol. Dimerization of styrene derivatives has been reported by several authors [36] [37] [38] [39] [40] .
In order to confirm this hypothesis, we performed the reaction in water under the same conditions as before, but employing 2-methoxy-4-vinylphenol 1a as substrate. After 2 hours of refluxing, the product 9a was obtained as a single product. If the reaction time is extended, polar polymeric products are formed, while 9a is consumed.
When considering the relative amounts of acid (malonic acid) and bases (pyridine/piperidine) employed, one can see that malonic acid is present in a small excess. Consequently, we proposed an acid catalyzed mechanism for the formation of vinylphenol dimer. 2-Methoxy-4-vinylphenol is first protonated affording a stabilized carbocation, which undergo cationic dimerization with a second vinylphenol molecule. Finally, elimination of a proton yields the dimer 9a.
In order to confirm this proposal, we performed the reaction employing only vinylphenol 1a (1 eq.) and malonic acid (0.02 eq.) in water. Such conditions reproduce the relative excess of malonic acid in the original reaction. Under these conditions, dimer 9a was obtained after 2 hours under reflux. When changing malonic acid (pKa = 2.85) [35] for salicylic acid (pKa = 2.98) [35] the same reaction was observed. Therefore, in the presence of a weak organic acid, 3-methoxy-4-vinylphenol dimerizes.
Finally, attempting to extend the scope of the styrene dimerization process, we performed the same reaction employing those aldehydes different from vanillin, which in the first place lead to vinylphenol derivatives (i.e. 4-hydroxy substituted aldehydes) (Figure 8 and Table  2 ).
After two hours of refluxing, styrene dimer was obtained, though in a lower yield than that observed when vanillin was the reactant aldehyde. Therefore, this reaction becomes more important in the latter case.
To summarize, during the Knoevenagel condensation of vanillin and malonic acid in water, ferulic acid is first obtained. Subsequent decarboxylation of ferulic acid leads to vinylphenol 1a. Once the styrene derivative is afforded, a self-addition reaction takes place producing the dimer 9a. This reaction is also of importance in food chemistry. Cinnamic acid derivatives are frequently found in fruits and vegetables. Heat treatment can trigger cinnamic acids decarboxylation to vinylphenols, and dimerization of vinylphenol can further modify organoleptic properties of juices, fruits and beverages, even when obtained in small amounts [41] .
Conclusions
In this work we delineate the mechanism of the organo catalyzed Knoevenagel-Doebner reaction, based on experimental evidences on the role of catalyst and solvent. Also, we report for the first time the decarboxylation of ferulic acid under mild conditions and the dimerization of vinylphenol in water. This insight on the mechanism allows to tuning the outcome of Knoevenagel reaction. Even though dimerization of styrene derivatives has been reported, in all cases the dimer was obtained when treating styrene either with strong Brönsted or Lewis acids. Here, we report the dimerization under totally different conditions. It is important to take into account that several natural amines and amino acids can catalyze the decarboxylation of cinnamic acids into vinylphenol derivatives, and the subsequent dimerization of the latter can take place. This has to be considered in food chemistry to avoid obtaining undesired products.
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